In this paper, we have investigated the feasibility of imaging the mechanical behavior of poroelastic materials using axial strain elastography. Cylindrical samples obtained from poroelastic materials having different elastic and permeability properties were subjected to a constant compression force (a classical creep experiment), during which poroelastographic data were acquired. For comparison, we also tested a few gelatin phantoms and non-homogeneous poroelastic phantoms constructed by combining different poroelastic materials. From the acquired data, we generated time-dependent sequences of axial strain elastograms and effective Poisson's ratio elastograms, which were then used for generating axial strain and effective Poisson's ratio time-constant elastograms. Thereafter, the various poroelastographic images were analyzed to evaluate the presence of statistically significant differences among the two types of poroelastic samples and for image quality analysis. The results of this study demonstrate that it is technically feasible to use axial strain elastography to distinguish among homogeneous poroelastic materials characterized by different elastic and permeability properties. They also show that the use of axial strain elastography instead of effective Poisson's ratio elastography results in objectively higher quality poroelastograms of the temporal behavior of the poroelastic materials under loading. However, the use of effective Poisson's ratio elastography may in any case be required to verify that the temporal changes occurring in the axial strains of the homogeneous poroelastic samples are also accompanied by temporal changes of the effective Poisson's ratios and are therefore due to poroelastic behavior.
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Introduction
Many biological tissues contain fluid that may be relatively free to move within the tissue , Mridha andÖdman 1986 . These tissues may be modeled as porous media (Gore et al 2001) , i.e., complex materials where at least one phase is not solid. The biomechanics of these tissues is rheologically described using mixture theories, which are usually based on the classical consolidation theory (Terzaghi 1951) , or poroelasticity. According to these theories, the time-dependent mechanical behavior of poroelastic tissues is governed by the interaction between two distinctive phases within the tissue, a solid matrix phase and a fluid phase, and depends on the geometrical, elastic and permeability properties of the material (Armstrong et al 1984) as well as the boundary conditions. Effective modulus and effective Poisson's ratio are two of the parameters that characterize the mechanical behavior of poroelastic materials (Christensen 1993 , Ramakrishnan and Arunachalam 1990 , Fortin et al 2003 . The effective mechanical properties of poroelastic materials are related to the effective compressibility, which in itself depends on the ability of the material to change volume under load and allow fluid movement. In biological tissues, this propensity for fluid transport may be an important indicator of certain pathological conditions (Mridha andÖdman 1986, Huff-Lonergan and Lonergan 2005) . The temporal behavior of the effective mechanical properties of poroelastic tissues under compression is strongly related to the freedom with which interstitial fluid can move within the tissue (Fortin et al 2003) . This behavior is partially quantified by the permeability coefficient of the poroelastic material (Darcy 1856) and may be representative of changes occurring in the effective elastic properties of the tissue due to fluid translocation or exudation effects. It has been suggested that at least in certain tissues, these effects may span a wide range of time constants (Huff-Lonergan and Lonergan 2005) .
Biological tissues are usually modeled as incompressible or nearly incompressible materials because of their high water content. Globally and instantaneously, tissues may in fact deform like incompressible elastic solids. In order to allow fluid movement, however, a poroelastic tissue is by definition compressible even though its constituents may both be incompressible (Kyriacou et al 2002) . For this reason, cartilage, cornea, tendons, ligaments and brain are known to possess effective Poisson's ratios that are significantly lower than 0.5 (Fatt 1968 , Jurvelin et al 1997 , Kyriacou et al 2002 . Recently, some studies have indicated that breast (Van Houten et al 2003) , prostate and kidney tissues may locally be partially compressible as well. Furthermore, fluid cavities and their interconnections within the tissue may allow partial fluid translocation or effective changes of local volume (Sarron et al 2000 , Kyriacou et al 2002 . Therefore, while a tissue may exhibit a global nearly-incompressible behavior, local regions within the same tissue may exhibit characteristic patterns of compressible materials (Jurvelin et al 2000 , Sarron et al 2000 , Righetti et al 2004 . Most importantly, the presence of certain pathologies may cause non-uniformities in the distribution of the effective mechanical properties of tissues.
The effective properties and the time-dependent behavior of biological tissues may be estimated using a number of different testing procedures (Hayes and Mockros 1971 , Chen et al 1996 , Samani et al 2003 . A common characteristic of these tests is the time-dependent deformation of the tissue sample, which is often accomplished by applying sustained uniaxial compression (Wang 2000) . In materials that exhibit a time-dependent mechanical behavior, the relationship between stress and strain depends on time, and consequently the stress response is a function of not only the strain but also the strain rate and the strain history (Fung 1993 , Hayes and Mockros 1971 , Hayes et al 1972 . Commonly used mechanical techniques consist in testing specimens of tissues in vitro by applying either creep or stress relaxation tests . In a creep test, a tissue sample is subjected to a constant stress, which causes an increase in the strain that is recorded with time (Terzaghi and Peck 1966) . Contrary to the creep test, in a stress relaxation test a tissue sample is subjected to a constant strain, which causes a reduction in the stress to maintain a constant deformation (Hayes and Mockros 1971 , Mak 1986 , Leipzig and Athanasiou 2005 . For data interpretation, tissues can be represented using single-phase viscoelastic models (Hayes and Mockros 1971 , Fung 1993 , Leipzig and Athanasiou 2005 or multi-phase models if the observed time-dependent mechanical behavior is assumed to be predominantly controlled by the interaction between the solid and fluid phase and only secondarily by the viscoelastic properties of the solid matrix , Mak 1986 , Gore et al 2001 , Kyriacou et al 2002 , Fortin et al 2003 . Among the various studies, Hayes and Mockros (1971) measured the shear and bulk creep compliances of human articular cartilage using independent creep tests in torsion and uniaxial strain and found a significantly different compliance between normal and degenerative tissues. More recently, Leipzig and Athanasiou (2005) have compared the performance of a viscoelastic model and a linear biphasic model (Armstrong et al 1984) to fit unconfined compression creep data obtained from animal articular cartilage chondrocytes. The results of their study showed that while the viscoelastic model achieved a good fit for the majority of the data, the biphasic model proposed by Armstrong et al (1984) was found to provide poor agreement between the experimental data and the theoretical prediction in the initial phase of the creep response. This limited accuracy between experimental data and theoretical biphasic fit was also previously observed by other investigators and was primarily attributed to the practical difficulty in experiments of replicating the conditions required for the application of the model (Leipzig and Athanasiou 2005, Brown and Singerman 1986) .
In general, mechanical tests allow obtaining global or averaged measurements of the mechanical properties of the materials with accuracy and precision limited by several experimental factors such as indenter size, tissue thickness, etc . In the field of medical imaging, there is still a paucity of techniques that allow imaging the local effective mechanical properties of soft tissues and their timedependent behavior with high accuracy and resolution. A number of studies have been reported that suggest the suitability of MRI and CT for imaging the mechanical behavior of normal or pathological soft tissues (Van Houten et al 2003 , Witte et al 2000 , Gerber 1998 ). However, these modalities have some drawbacks, which render their use impractical for routine screening and close follow-up of therapy results. Generally, ultrasound-based modalities are safer, more accessible and significantly less expensive when compared to MRI or CT.
Elastography is a technique for imaging the elastic properties of soft tissues (Ophir et al 1991) that is now well established in the literature. Internal axial tissue strains can be estimated from analysis of local time delays between pre-and post-compression digitized RF echo signals, using standard diagnostic ultrasound equipment. Lateral strains can also be estimated from lateral spatial shifts of echo patterns (Konofagou and Ophir 1998) . The theoretical and practical bases for elastography are given in Ophir et al (1999) .
Until recently, elastography estimated the strains in the tissue shortly after the application of the compression (Garra et al 1997 , Ophir et al 1999 . The simulation work described by Konofagou et al (2001) suggested the possibility of using standard elastographic procedures to obtain images of the temporal behavior of the local ratio of the lateral strain to the axial strain in uniform poroelastic phantoms subjected to a constant axial strain. These sets of time-sequenced Poisson's ratio elastograms were named 'poroelastograms', to indicate that they were obtained from poroelastic materials. Konofagou et al (2001) showed that the applied axial strain caused the pore pressure to rise initially, and thereafter to decay as the solid consolidated and the fluid exuded. Fortin et al (2003) used elastographic techniques to estimate time-dependent radial displacement profiles from ultrasound A-scans acquired across the lateral diameter of cartilage/bone discs subjected to a constant axial compression. Their results showed that the effective experimental Poisson's ratio decayed with time in an exponential manner. Righetti et al (2004) showed the feasibility of generating experimental effective Poisson's ratio elastograms, and poroelastograms using data obtained from poroelastic phantoms and tissues. They also proposed a methodology for generating effective Poisson's ratio time-constant elastograms and permeability elastograms using curvefitting techniques applied to the experimental poroelastographic data (Righetti et al 2005) .
In all the aforementioned studies, a constant axial strain was applied to the test samples (or simulated media) and ultrasonic data were collected (or simulated) during stress relaxation. Under these loading conditions and in the case of homogeneously poroelastic samples, the axial strain distribution does not change significantly with time. Consequently, the timedependent mechanical behavior of the tested poroelastographic phantoms could be monitored only by imaging the time-dependent changes occurring in the lateral strain distribution and/or the effective Poisson's ratio distribution. This methodology has some inherent disadvantages. First, it relies only on the information regarding the poroelastic behavior of the sample in one direction, since temporal changes cannot occur along the axial direction because of the geometry. Secondly, and more importantly, the information that is used in stress relaxation experiments is relatively noisier because of the poor image quality of lateral strain elastograms (Righetti et al 2007) . This methodology has been shown to generate poroelastograms of reasonable image quality, provided that advanced strain estimation algorithms and averaging and filtering techniques are employed (Righetti et al 2007) . The application of these techniques may result in loss of spatial resolution and could prevent the detection of underlying spatial patterns in the mechanical properties of the material.
When a homogeneously poroelastic sample is subjected to a creep compression instead of a stress relaxation, temporal changes occur both in the axial strain and in the lateral strain distributions (Armstrong et al 1984) as well as in the effective Poisson's ratio distribution. Consequently, in creep experiments imaging the temporal changes occurring in the axial strain distribution may contain valuable information about the underlying poroelastic properties of the material (Ammann et al 2006) . This information may in principle be used to distinguish among poroelastic materials having different elastic and permeability properties and may be of great advantage in overcoming image quality limitations typical of lateral strain elastograms.
In this paper, we investigate the feasibility of using axial strain elastography to image the time-dependent mechanical behavior of poroelastic samples subjected to a constant compression force (creep experiment). The hypothesis at the basis of this work is that it is feasible to use axial strain elastography to distinguish among homogeneously poroelastic materials characterized by different poroelastic properties. We further hypothesize that the use of axial strain elastography for poroelastography will result in objectively more precise poroelastograms that depict the temporal behavior of the poroelastic materials under loading. The study reported in this paper was performed using cylindrical samples of commercially available tofu. Tofu is a soy food product, which has been proposed recently as a sonographic and elastographic tissue-mimicking material with acoustic and mechanical properties that are similar to those of some soft tissues (Wu 2001 , Righetti et al 2004 . Tofu is known to possess a porous microstructure (Aguilera and Stanley 1999) , which is composed of an organic solid matrix with pores of different sizes and shapes depending on the grade of the material. Poroelastographic experiments were performed on homogeneously poroelastic samples obtained from two types of a commercially available brand of tofu (World Variety Produce Inc., Los Angeles, CA). In this paper, we will refer to these two types of tofu as 'Tofu Type I' (TTI) and 'Tofu Type II' (TTII). The two types of tofu were proven to have different elastic and permeability properties, according to previously performed mechanical measurements (Righetti et al 2005) . For comparison, we also tested several gelatin phantoms and non-homogeneous poroelastic phantoms constructed by combining the two tofu materials. The poroelastography results were then analyzed to evaluate the presence of statistically significant differences among the two types of samples and for image quality analysis.
Methods

Definitions
• Axial strain (AS) elastogram is an image of the estimated strain tensor components along the ultrasonic beam axis.
• Lateral strain elastogram is an image of the estimated strain tensor components orthogonal to the ultrasonic beam axis within the scanning plane.
• Effective Poisson's ratio (EPR) elastogram is an image obtained by dividing the lateral strain elastogram by the corresponding axial strain elastogram.
• Poroelastogram of the AS is a time-dependent sequence of AS elastograms obtained from the poroelastic material under compression.
• Poroelastogram of the EPR is a time-dependent sequence of EPR elastograms obtained from the poroelastic material under compression.
• Axial strain time-constant (AS-TC) elastogram is an image obtained by computing the time constant of the temporal behavior of each pixel in the poroelastogram of the AS using curve-fitting techniques.
• Effective Poisson's ratio time-constant (EPR-TC) elastogram is an image obtained by
computing the time constant of the temporal behavior of each pixel in the poroelastogram of the EPR using curve-fitting techniques.
Mechanical measurements
The two types of tofu used for the poroelastographic experiments were previously characterized in terms of their elastic modulus, Poisson's ratio and permeability using independent basic mechanical tests (Righetti et al 2004 (Righetti et al , 2005 . Since these mechanical parameters are considered to be relevant for the understanding of the results obtained in the study reported in this paper, a summary of the methods and results of these mechanical measurements is reported below. More details on the mechanical measurements summarized below may be found in Righetti et al (2004 Righetti et al ( , 2005 . Mechanical measurements of the elastic modulus of drained cylindrical tofu samples of TTI and TTII were performed using a hydraulic servo-testing machine (Instron Inc., Canton, MA). Sixty small cylinders of TTI and TTII (diameter ≈ 16.5 mm, height 13 mm ± 2 mm) were placed on an impermeable plate and tested in unconfined configuration by using a 25 mm diameter indenter and applying an axial strain level ranging between 0 and 20% at a rate of 1% per second. The acquired force and displacement data were then used to generate the stress-strain curves. For each sample, the elastic modulus was computed as the slope of the stress-strain curve in the linear region at a 2% strain .
The Poisson's ratio of drained cylindrical tofu samples of TTI and TTII was empirically estimated using basic geometrical relationships. Six small cubic samples (dimensions 4 × 4 × 4 cm 3 ) of each type of tofu were compressed from the top by applying up to 2% axial strain for 10 h (or until no further fluid exudation occurred), using the same compression apparatus used for the generation of the poroelastograms. The corresponding changes in the lateral direction Table 1 . Summary of the mechanical measurement results (Righetti et al 2004 (Righetti et al , 2005 .
Elastic modulus drained
Poisson's ratio drained Permeability coefficient Axial stress samples at 2% strain samples at 2% strain soil mechanics relaxation TC ( were estimated using a digital Vernier caliper. The Poisson's ratio of each cube was estimated as the ratio of the lateral and axial length changes, due to the applied compression. Forty experimental stress-relaxation curves were obtained (20 from type I and 20 from type II) from cylindrical tofu samples (diameter ≈16.5 mm, height 12-15 mm) using the indentation system described previously. Each sample was placed on an impermeable plate and compressed by applying a 2% axial strain level in unconfined configuration at a rate of 0.04% per second. After reaching the final strain value, this strain was maintained and the force monitored over time, while stress-relaxation occurred. During stress-relaxation, the load data were acquired every second for 21 min in the case of TTI, and 5 min in the case of TTII.
The permeability coefficient of 40 fully hydrated cylindrical tofu samples was estimated using the standard falling-head soil mechanics test (Terzaghi and Peck 1966, Bowles 1992) . This test allows a direct estimation of the coefficient of permeability of a porous material, within an order of magnitude, by knowing the quantity of fluid that flows through a cylindrical sample of the material in a given time (Bowles 1992) . Each sample was cut into a cylinder of the same diameter as that of the permeability measurement apparatus (≈7.5 cm) and height of (4 cm ± 1 cm). The permeability measurements were performed at room temperature (20
The results of these tests are shown in table 1. TTI was found to have a lower elastic modulus than TTII. We observed a nearly-linear relationship between stress and strain, up to a 5% applied strain in both materials. The drained Poisson's ratio of TTI was found to be almost twice as large as the Poisson's ratio of TTII. According to the soil mechanics test results, TTII was found to have permeability that was approximately three times larger than the permeability of TTI. From the stress-relaxation curves, the stress-relaxation time constant of TTI was found to be approximately four times larger than the stress-relaxation time constant of TTII.
Poroelastography experiments: homogeneous tofu samples
Nine TTI tofu samples and nine TTII tofu samples were used for the poroelastographic experiments. Each sample was cut from a fresh block of tofu as a cylinder of 7.5 cm diameter (height = 4.0 ± 0.5 cm), placed in a water tank, and compressed from the top using an apparatus that applied a constant compressive force to the sample. A schematic of this apparatus is shown in figure 1 . The custom-built compression-loading frame holds the ultrasonic transducer in contact with the sample being studied. The counterweights are adjusted to equal the weight of the ultrasound transducer and its attachment apparatus. This process involved placing a digital balance (sensitivity of 0.01 g) under the transducer head and adding water to the counterweight container until the balance registered zero. Weights were then added to a dish on the top of the ultrasound transducer to provide the creep forcing function. This experimental setup produced an approximation to the theoretical model of a poroelastic sample with unconstrained radial expansion and free exudation of the internal fluid across the vertical boundary surfaces during the axial creep compression. Poroelastographic data were acquired as a function of time while the cylindrical tofu samples were subjected to creep compression. For TTI, a constant axial load of ∼0.2 N was applied for 1222 s, while for TTII a constant axial load of ∼0.58 N was applied for 1236 s. Given the elastic properties of TTI and TTII and according to a biphasic theoretical model (Armstrong et al 1984) , the chosen constant axial loads were expected to produce axial strains respectively in the range 2-3% during the 1222 s of creep compression of TTI and in the range 4-5.5% during the 1236 s of creep compression of TTII. Therefore, in both TTI and TTII we expected to have a change in the axial strain of approximately 1-1.5% from the instant immediately after the compression was applied to the end of the acquisition. Such axial loads were chosen to produce axial strains corresponding to high signal-to-noise ratios according to the strain filter theory (Srinivasan et al 2003) .
The tofu samples were scanned using a 38 mm real-time linear array scanner (Ultrasonix 500 RP) that operates with a center frequency of 6.6 MHz, 50% fractional bandwidth and has 1 mm beamwidth. We collected five to eight independent realizations from each sample (for a total of 50 realizations for TTI and 50 realizations for TTII), each consisting of an entire set of time-dependent RF echo-data acquired from the same region of interest. Each set included data from the time instant at which the compression was applied, to the time instant at which the compression was released. The RF data were acquired at predefined time intervals. The total record length, sampling interval and number of averages for the poroelastograms were established according to basic statistical considerations and using standard error formulas to obtain a predetermined degree of precision equal to a normalized RMS error of 20% (Bendat and Piersol 1986) . Each independent realization allowed the generation of a poroelastogram of the AS and a poroelastogram of the EPR. For each RF image acquired during the compression, AS and EPR elastograms were generated, always using the same reference RF data. We considered the realizations to be independent if acquired from planes separated by at least one beamwidth in the elevational direction. At least 20 min elapsed between successive acquisitions, in order to allow the sample to recover its internal fluid.
Statistical and image quality analyses
Statistical analyses were performed on the poroelastographic images in order to evaluate if there existed statistically significant differences between the data obtained for TTI and TTII. These analyses were performed using standard t-tests and ANOVA 1 analysis at a 95% confidence level (Bendat and Piersol 1986) .
Image quality analyses were performed in order to compare the signal-to-noise ratio (SNR) associated with the poroelastograms of the AS and those associated with the poroelastograms of the EPR for TTI and TTII, and the SNR of the corresponding TC elastograms. To compute the SNR values, we considered an averaged elastogram (over 50 realizations), and divided it into five columns of identical height and width. Then we evaluated the SNR of each column, computed as the mean over the SD of the strains inside each column. The final SNR measurement was obtained as the mean over the five measurements and the error bars as the SD over these five values (see figures 7(a)-(c) ).
Poroelastography experiments: homogeneous gelatin samples
The gelatin phantoms were produced using the methodology described in Kallel et al (2001) . This methodology involved mixing 2.5% gelatin and 1% agar. The gelatin/agar powder proportion was then mixed with the appropriate volume of boiling deionized water while being manually stirred. The mixture was then put in a cubic mold and kept refrigerated for approximately 12 h at a temperature of 7
• C. Using such proportions of gelatin/agar/water should result in gelatin phantoms with elastic moduli <10 kPa (Kallel et al 2001) . Three cubic gelatin phantoms were produced, and 12 realizations were acquired from each phantom (for a total of 36 realizations). For the poroelastographic creep experiments, the gelatin phantoms were subjected to a sustained load of ∼0.58 N.
Poroelastography experiments: non-homogeneous tofu samples
Non-homogeneous poroelastic phantoms were constructed using both types of tofu. For these phantoms, the background was made of TTI and the cylindrical inclusion was made of TTII. To construct each phantom, we first cut two cylinders (7.5 cm diameter, height of approximately 4 cm) from a fresh block of TTI and TTII. Then, an internal cylindrical inclusion (diameter ∼1 cm) was cut at the center of each cylinder, perpendicularly to the axis of the sample. The cylindrical inclusion cut from TTI was removed from the sample, and the cylindrical inclusion cut from TTII was then carefully inserted in TTI. Four non-homogeneous phantoms were constructed and eight time-sequenced acquisitions were obtained from each phantom (for a total of 32 realizations). For all realizations, the imaged plane was chosen close to the center of the TTI cylinder and perpendicular to the axis of the TTII cylindrical inclusion. For the creep experiments, the non-homogenous poroelastic phantoms were subjected to a sustained load of ∼0.58 N. For image quality analysis, from the averaged poroelastogram of the axial strains, we computed the SNR in a region inside the cylinder (5 × 5 mm 2 ) and in a region inside the background (20 × 10 mm 2 ). Using the same regions, we also computed the contrast-to-noise ratio (CNR) according to the definition given by Varghese and Ophir (1998) .
Data processing
The generation of the poroelastograms from the time series of RF data required estimations of local axial and lateral tissue displacements, which were performed using cross-correlation techniques applied to pre-compression and adaptively stretched post-compression echo RF A-lines from the region of interest (Srinivasan et al 2002a) . In a creep experiment, the correct initial stretching factor is generally unknown since the applied axial strain varies in time according to the mechanical and geometrical properties of the poroelastic sample. In order to determine the initial stretching factor for the adaptive stretching algorithm, a preprocessing routine was applied to the RF frames to be used for the estimation of the axial and lateral displacements. This routine computes the cross-correlation coefficients between the two frames at various stretching factors and identifies the average strain for which the crosscorrelation coefficient is maximized. This value was then used as the initial stretching factor for the adaptive stretching algorithm developed by Srinivasan et al (2002a) . The axial and lateral strains were estimated from the displacement data using a staggered strain estimation technique (SSE) (Srinivasan et al 2002b , Righetti 2005 . Prior to the computations of the axial and lateral displacements, a linear interpolation scheme was used in the axial (between consecutive samples) and lateral (between consecutive A-lines) directions. For all elastograms, the length of the correlation window, both for the pre-and post-compression signals, was fixed at 2 mm with an 80% overlap between adjacent windows. For all elastograms, a 5 × 5 median filter was applied to the displacement estimates (axial and lateral) prior to the computation of the strains.
For the generation of the poroelastograms, multiple realizations were averaged in order to reduce noise and increase the signal-to-noise ratio without using additional spatial filtering. It should be noted that in general, averaging may cancel actual poroelastic and permeability patterns, if there are any. From the poroelastograms, AS-TC elastograms and EPR-TC elastograms were generated according to the methodology proposed by Righetti et al (2005) . Figure 5 shows a comparison between the time-dependent changes occurring in the mean of the AS distribution of TTI and those occurring in the mean of the AS distribution of TTII. Observe that TTII undergoes faster and more significant time-dependent changes (dashed curve in figure 5) than TTI (solid curve in figure 5) during the time that the poroelastographic data were acquired.
Results
Poroelastography experiments: homogeneous tofu samples
Statistical and image quality analyses
Similarly, the time-dependent changes of the EPR of TTII were found to be faster and more significant than those of TTI during the time that the poroelastographic data were acquired (not shown). The graphs in figure 6 show the TC values obtained for TTI (figure 6(a)) and TTII ( figure 6(b) ) under creep compression. For comparison the time constants obtained from stress-relaxation mechanical tests and stress-relaxation elastography tests are also shown.
The values reported in figures 6(a) and (b) were all found to be statistically significantly different from each other. However, the means of the time constants of TTI (figure 6(a)) were found to be fairly close to each other (around ∼285 s), and, similarly, the means of the time constants of TTII (figure 6(b)) were found to be close to each other (around ∼55 s) and significantly different from the TTI values. It should be noted that the error bars in these graphs represent the standard deviation among all points in the TC elastograms. This may contribute to the relatively high error bars associated with the TC elastograms, since these elastograms showed spatial non-homogeneities presumably due to boundary conditions, structural imperfections inside the samples and compaction of the pores occurring over time.
The relatively high error bars associated with the mechanical measurements are presumably due to the inherent limited precision of the mechanical tests (Srinivasan et al 2004, Terzaghi and Peck 1966) . The results of the image quality analysis performed on the poroelastographic images obtained from the creep tests demonstrated that the signal-to-noise ratios (SNR) associated with the poroelastograms of the AS are significantly higher than those associated with the corresponding poroelastograms of the EPR. The graph in figure 7(a) shows the SNR computed from the poroelastograms of the AS while figure 7(b) shows the SNR computed from the poroelastograms of the EPR for TTI (solid) and TTII (dashed). Figure 7(c) shows the SNR as obtained from the TC elastograms of TTI and TTII.
Observe that the SNR of the poroelastograms of the AS are at least one order of magnitude higher than the SNR values of the corresponding poroelastograms of the EPR. Observe also that both SNR values of the poroelastograms of the EPR of TTI and TTII and the SNR of the poroelastograms of the AS of TTI and TTII show a decreasing trend in time. While this trend may be expected for the SNR of the poroelastograms of the EPR, it is instead somehow unexpected for the SNR of the poroelastograms of the AS since the means of the AS of TTI and TTII increase with time in a significant manner. These results will be further discussed in the discussion section. Figure 8 shows the results obtained from gelatin phantoms that were subjected to a creep compression. Observe in figure 8 that the means of the AS exhibit a statistically significant increasing trend with time, presumably due to viscoelastic effects (Sridhar et al 2007) , while the means of the EPR did not show any statistically significant changes during the time that the data were acquired. These results will be further discussed in the discussion section.
Poroelastography experiments: homogeneous gelatin samples
Poroelastography experiments: non-homogeneous tofu samples
Figures 9 and 10 show the results obtained from the non-homogeneous poroelastic phantoms. Figure 9 shows the sonogram and the averaged poroelastogram of the AS; figure 10(a) shows the corresponding AS-TC elastogram; figure 10(b) shows the means of the AS in a region inside the inclusion made of TTII (dashed curve) and in a region inside the background made of TTI (solid curve); finally, figure 10(c) shows the SNR and CNR as obtained from the poroelastographic data shown in figure 9 when considering a region inside the inclusion and a region inside the background. Observe in figure 10(c) , the increase of CNR as a function of time due to the more significant increase in the AS of the inclusion than of the background.
Discussion
In this paper, we investigated the feasibility of performing poroelastography using a creep compression methodology. Using this methodology, homogeneous poroelastic materials exhibit time-dependent changes both in the AS distribution and in the EPR distribution. This has the advantage of conveying more information than the stress-relaxation methodology, where temporal changes cannot occur in the axial direction of homogeneously poroelastic samples under compression because of the geometrical constraints. It has the further advantage of conveying more reliable information than that obtainable from the stress-relaxation data since AS elastograms are characterized by much higher SNR than lateral and EPR elastograms. The creep compression methodology has also advantages when compared to the technique where the transducer is positioned perpendicularly to the axis of compression. Although in this latest technique temporal changes can occur in the axial direction of the transducer as in the creep technique, this methodology is in general more difficult to implement in vivo than the creep compression methodology.
For our creep experiments, we used poroelastic samples made of commercially available tofu, a material that was proven to provide a suitable model for poroelastography. The samples were considered homogeneous, since they were not altered from their original conditions. However, it is expected that at least some of the samples may have had some inherent non-homogeneities. From the tofu samples, we generated poroelastograms of the AS and poroelastograms of the EPR, and from these poroelastograms corresponding TC elastograms were generated. For both TTI and TTII samples, the poroelastograms of the AS appear to exhibit significant time-dependent changes throughout the images (figures 2, 3). In both TTI and TTII, the means of the AS-TC were found to be in agreement with previously reported independent mechanical and poroelastographic measurements (figure 6). In particular, our results showed that the AS of TTII samples underwent faster and statistically significantly larger time-dependent changes than the AS of TTI. This would suggest the feasibility of using AS elastography for imaging the time-dependent behavior of poroelastic materials and distinguishing between poroelastic materials having different elastic and permeability properties.
From the image quality analysis performed on our creep results, several observations could be made (figures 7(a)-(c)). First, the SNR values of the poroelastograms of the AS were found to be at least one order of magnitude higher than the SNR values of the corresponding poroelastograms of the EPR. This result is not surprising given the performance limitations of lateral strain elastography with respect to AS elastography (Righetti et al 2007) . The SNR values obtained for the poroelastograms of the AS of TTII were found to be lower than the SNR values obtained for the poroelastograms of the AS of TTI. This might be due to the fact that TTII samples appeared to have lower sonographic SNR than TTI samples (see sonograms in figures 2 and 3). One important observation relates to the behavior of the SNR values with time. Both in TTI and TTII, we observed that the SNR values of the EPR appeared to exponentially decrease in time ( figure 7(b) ), a behavior that was expected since in these cylindrical tofu samples the means of the EPR were previously observed to decrease with time in an exponential manner (Righetti et al 2004) . Both in TTI and TTII, the SNR values of the AS appeared also to exponentially decrease in time ( figure 7(a) ). This behavior was not expected since the AS means increased with time during compression. This SNR behavior is probably due to the fact that in creep experiments the applied AS increases with time, and in experiments this increase may cause an increase of the standard deviation of the noise as predicted by the strain filter theory (Srinivasan et al 2003) . Both for the AS and the EPR, the SNR values of the TC elastograms were found to be significantly lower than the SNR values of the corresponding poroelastograms. This was expected since the SNR values of the TC elastogram are affected not only by the noise present in the poroelastogram used for its computation but also by factors that typically limit the performance of curve-fitting techniques. Some of these factors are the length of data acquisition, the number of acquisitions and the sampling interval between successive acquisitions, which may introduce additional noise in the computed time-constant elastograms.
As previously stated, the results obtained from the creep experiments on TTI and TTII samples suggest the feasibility of imaging the time-dependent mechanical behavior of poroelastic materials using AS elastography. The experiments on the gelatin phantoms, however, highlighted an important limitation of this technique. We observed that the AS estimated from the gelatin phantoms under creep compression exhibited significant timedependent changes, which were not accompanied by corresponding changes in the EPR (figures 8(a), (b) ). We attributed these AS time-dependent changes to viscoelastic effects rather than poroelastic effects, since no appreciable change of volume occurred during the time that the poroelastographic data were acquired. Therefore, without any a priori information on the nature of a material, AS elastography alone might in general be unable to explain if the temporal changes occurring during creep compression are due to viscoelastic or poroelastic effects or both. On the other hand, EPR elastography may be of help here since it may allow determining if the temporal changes occurring in the AS distribution are also accompanied by changes in volume, which are typical of poroelastic but not of viscoelastic materials. This would suggest a combined use of AS elastography and EPR elastography so that timeconstant values may be obtained from the poroelastograms of the AS, which are more precise and accurate and have higher SNR, while poroelastograms of the EPR can simply be used to check if the temporal changes of the AS are also accompanied by changes in volume.
As a first step in investigating the performance of the creep technique in nonhomogeneously poroelastic materials, we performed a few experiments on phantoms created by the combination of TTI and TTII. Although these phantoms were difficult to fabricate, these preliminary results showed a statistically significant difference between the AS-TC values in the inclusion and in the background. These results would suggest that it might be technically feasible to use this technique in non-homogeneous tissues with reasonable levels of contrastto-noise ratio, as could be the case of stiffer and more permeable tumors inside a softer and less permeable background. In such applications, the use of EPR elastography could be difficult due to much poorer contrast-to-noise ratios. However, it still remains to be determined how the external material influences the flow properties of the internal material and vice versa and how this affects the temporal behavior of the strains in non-homogeneous poroelastic samples.
Another issue that needs to be investigated is related to the effect of boundary conditions on the poroelastograms of the AS in creep experiments. For this purpose, the use of EPR elastography may again be helpful since, at least theoretically, EPR elastograms should be less sensitive to boundary conditions, being the ratio of elastograms and consequently selfnormalized.
Conclusions
The results reported in this paper demonstrate that it is feasible to use AS elastography for estimating and imaging the temporal behavior of homogeneously poroelastic samples subject to constant compressive force (creep experiment). The combined use of AS elastography and EPR elastography in creep experiments might allow accurate and precise estimations of the material time constants (from the poroelastograms of the AS) and, at the same time, the verification that temporal changes observable in the AS are also accompanied by temporal changes in the EPR and, therefore, are related to poroelastic effects.
